Abstract: Ad onor-site engineering approach facilitates the formation of heteroleptic [Pd 2 L 2 L' 2 ] 4 + cage structures through af avored cis-'in 2 /out 2 ' spatial configuration of the methyl groups of 5-and 3-substitutedb is-monodentate picolyl ligands with flat acridone and bentp henothiazine backbones. The heteroleptic cages were confirmed by ESI-MS and 2D NMR experiments as well as DFT calculations, which pointed towardacis-configuration being energetically favored. This wasf urther supported by the synthesis and Xray structure of ap reviously unreported cis-[Pd(2-pico- 4 + coordination cages, thus furthering the possibility to increases tructural and functional complexity in supramolecular systems.
Introduction
Nature provides elegant pathways for the assembly of complex and functional multi-component systems by combining strong chemicalb onds with weak supramolecular interactions in a controlled and harmonious manner.T hese principles form the basis of at oolbox for chemists who seek to increaset he molecular complexity of artificial nanoscopic systems. In the field of metallosupramolecular chemistry, significant efforts have been directed towardc ontrolling the assembly of discrete, heteroleptic structures formed by metal-ligandb onding. [1] In this context,m ethods involving steric control have been particularly successful in regulating multiple different ligandsa round a single metal center.E arly on, Lehn reportedt he assembly of multi-component heteroleptic architectures by exploiting steric constraints in combination with principles of maximum site occupancy.
[2] Amongs everala pproaches buildingo nf rom this, Schmittel'sH ETPHEN [3] methodology (and related variations) has been extensively utilized to assemble aw ide variety of 2D and 3D prismatic heteroleptic assemblies. [1a, 4] Similars tructures have also been assembled through ar elated approach developed by Fujita and Yoshizawa, termed" side-chain-directed" assembly,w hich features sterically controlled heteroleptic coordination of lutidine and pyridine donors to cis-chelated squareplanar metal centers (Figure1a). [5] Whilst the latter strategy provides reliable routes to heteroleptic structures composed of cis-chelated metal centers with two pendant binding sites, strategies to control the heteroleptic coordinatione nvironment of "naked" square-planar metal centers andm ultiple bismonodentate ligands in metallosupramolecular assemblies are still in early development. [6] [M 2 L 4 ]c oordinationc ages assembled from square-planar metal cations (M = Pd )a nd bis-monodentate banana-shaped ligands are ad iverse class of hosts that possess aw ell-orderedc entral cavity. [7] By incorporating chosen functionalities into the ligand components, av ariety of homoleptic [ light switchability, [8] redox activity, [9] neutral [10] and charged guest encapsulation, [11] drug delivery, [12] endohedralr otary dynamics [13] and structuralt ransformations. [14] So far,t he majority of such cages have been equippedw ith only as ingle function each, owing to the limitations in controlling the coordination of differentl igands around the same square-planar metal center.I ti se nvisionedt hat grafting more than one of these functionalities into an assembly will provide new multifunctional host structures. Entropy,h owever,u sually thwarts this objective, due to the tendency of mixed-ligand metal-mediated reactions to form statistical or,a lternatively, narcissistically self-sorted mixtures. [15] Driving the systemt oward integrative self-sorting, where only one defined heteroleptic product is formed from am ix of ligands, can therefore be ac hallenging task. Nevertheless,a pproaches to controlt he arrangement and assembly of template-free [M 2 L 2 L' 2 ]c ages are currently being developed in severalg roups. [6b, 15b, 16] For example, Crowley reported as trategy to achieve kinetically trapped cis-[Pd 2 L 2 L' 2 ] cages through ligand substitution reactions of an unfunctionalized homoleptic cage precursor with 2-amino-functionalized pyridyl ligands.
[16b] Recently,w er eportedt hat [Pd 2 L 2 L' 2 ]c ages can be accessed by utilizingl igandso fc omplementary shape. This strategy facilitated the assembly of atemplate-free cis-heteroleptic cage under thermodynamic control,w hich was utilized for the shape-discrimination of guest stereoisomers. [17] We furthers howed that geometric constraints can lead to the integratives elf-sortingo fau nique trans-[Pd 2 (anti-L) 2 L' 2 ]s elfpenetrating cage with inherent structural chirality. [18] Herein we present an ew approacht or eliably generate regular-shaped cis-[Pd 2 L 2 L' 2 ]c ages through steric control of the spatialc onfiguration of picolyl (pic) ligandsa roundt he Pd II center ( Figure 1b) . As ak ey design feature, the picoline donors are connected to the backbone via their meta positions, thus fixing the methyl substituent in either an "inside" (ortho to the backbonec onnection) or "outside" (para to the backbonec onnection) orientation with respectt ot he cage's cavity.W ef urther showt hat two different backbones, acridonea nd phenothiazine, can be successfully combined in one assembly.Consequently, this approache nables two electronically distinct moieties to be configurationally fastened in ar egular-shaped cage assembly.
Results and Discussion
Ligand synthesis and homoleptic cage assembly
o , A i , P o and P i (A = acridone, P = phenothiazine, o = picoline out, i = picoline in,S cheme 1) were synthesized via Sonogashira cross-couplingr eactions between 5-or 3-ethynyl-2-picoline and the respective dibromo-acridone or phenothiazine backbonep recursors. In order to distinguish betweenh omoleptic and heteroleptic assembliesb ym eanso f mass spectrometry,w ei nstalled exohedral hexyl ( Figure S19 ) revealed cross peaks between the two observed sets of NMR signals (e.g. H f ···H f' ), indicating their close proximity within the same structure.T his was further supported by aD OSY experiment, which revealed that the two sets of proton signals correspond to the same diffusion coefficient (log D = À9.23, Fig (4-n) + (n = 1, 2). In this case, heatingt he sample at 70 8Cd id not result in conversion to a[ Pd 2 L 4 ]c oordination cage, suggesting that the degree of steric crowding above the Pd II planess ignificantly hinders cage formation.
Ac omparison of the DFT-optimized homoleptic structures (Figure 2e,f 4 + compounds have seldom been reported. [20] Additionally,t he isolation of [Pd 2 L 2 (solvent) 2 ] 4 + macrocyclesi sr are, [21] as they are more often encounteredw hen the Pd II centers possess additional cis- [22] or trans-chelating ligands. [23] Heteroleptic cage assembly from acridoneligands 1 HNMR spectra (500 MHz/CD 3 CN) of a) (Figure 3c,F igure S33 structures, in general,h ave seldomb een reported [24] and their preferred conformations are unknown. [Pd(2-pic) 4 ](BF 4 ) 2 was prepared by heating [Pd(CH 3 CN) 4 ](BF 4 ) 2 in 2-picoline at 70 8C for 0.5 h. Single crystalsw ere obtained directly from the reaction mixture by slow evaporation of the excess 2-picoline. In accordance with the calculated preference for the cage's cisisomer,t he X-ray analysisr evealed the structure to be cis-[Pd(up-2-pic) 2 (down-2-pic) 2 ](BF 4 ) 2 (descriptors cis, up,a nd down with respectt ot he relative position of the methyl substituents), with all four PdÀNb onds in the range of 2.04 AE 0.01 .A PXRD measurement of the sample revealed an excellent agreement between the experimental and calculated patterns (Figure 4c) , indicatingt hat [Pd(up-2-pic) 2 (down-2-pic) 2 ](BF 4 ) 2 is also cis-configured in the bulk solid. Interestingly,t he 1 HNMR spectrum of the as-prepared complex dissolved in MeOD revealed twofold signal splitting and broadening at room temperature, indicating two conformations to be in slow exchange (most probablyt he cis and trans arrangements) and coalescence to one set of signals above 50 8C. Dissolution of crystals of cis-[Pd(up-2-pic) 2 (down-2-pic) 2 ](BF 4 ) 2 in coordinating solvents such as CD 3 CN resulted in slow decomposition of the complex into ac onvoluted mixture over ap eriod of 1week ( Figure S15 ), pointingtowards acertainlability of the mononuclear complex when dissolved in ac ompetitive solvent. For the cage structures, however,t he bridging nature of the bis-monodentate ligands was found to result in as table structure and no decompositionw as observed in solution over extendedt ime periods.
Heteroleptic assembly from two different ligand backbones

Havings uccessfully validated this strategy for the acridonebased heteroleptic cage cis-[Pd
4 + ,w em oved on to examine whether the picoline 'in 2 /out 2 ' approach can foster the assemblyo fh eteroleptic Pd II cages from two chemically distinct backbones.
Since the Pd-mediated self-assembly of phenothiazine-derived banana-shaped ligandsi sw ell described, [9a] 4 + belong to the same diffusion coefficient (Figure S52) .
On the other hand, a1 4 + bowl-shaped assembly ( Figure S54 ), but assemblieso fP o could not be clearly identified. However,when a similar mixturew as microwave-irradiated followed by heating to 70 8Co vernight, the ESI MS spectra revealed the prominent formation of heteroleptic [Pd 2 A i 2 P o 2 ] 4 + cage ( Figure S58 ). While we cannotp rovide definite reasons for the differentb ehavior of this ligand combination,t he resultss howt hat the backbone structures (flat acridone vs. bent phenothiazine) seem to influence the steric preferences around the metal centers.
We were successful, in this case, in obtaining singlec rystals by slow evaporation of the CD 3 CN reactionm ixture. Singlecrystal X-ray analysis, however,r evealed ar ather unexpected structure:a ni nterpenetrated double-cage with the formula [(BF 4 ) 2.4 Cl 0.6 @Pd 4 P o 8 ] 5 + (Figure 5e ,f). In accordance with previous examples, [7, 9b, 10a, 25] the partitioned cavity of this dimeric cage features three pockets, with two outer pockets occupied by BF 4 À anions. The central cavity,h owever,i sp artially occupied by BF 4 À and Cl À (ratio:40:60 %). We notethat strong chloride binding in the double-cages is known, even by trapping chloridet hat is presenti nt race impurities.
[25] The Pd···Pd distance of this cavity is therefore shorter than the one of the outer pockets (7.64 vs. 9.39 ), although the picolines' methyl groups occupy ap ortion of the two outer cavities. In order to relieve the steric crowding caused by the all-syn arrangemento ft he methyl substituents around the Pd II centers, the picoline donors are tilted by up to 188 (Figure 5g )w ith respect to the ideal square planar arrangement, thought he apparents train seemst ob ec ounteracted by close contacts between the methyl substituents and BF 4 À anions.E ach phenothiazine backbone undergoes p-stacking with the picoline donorf rom an adjacent ligand (belonging to the catenated cage unit), providing additional stabilization in the doublecage structure. In addition, the slightly folded structure of P o (with respectt ot he aromatic face of the tricyclic backbone) may help in arranging all of the methyl groups on one side of the Pd II planes by allowing the picolined onors to adopt ap ronouncedly tilted propeller arrangementa round the metal centers. In contrast,t he flat acridone backbonew ould favor a more perpendicular orientation of the donor ring planesw ith respect to the Pd II plane,asituation that would be sterically demanding. [10a] This observation impressively showedu pt he possibility of forming homoleptic cages with all four methyl groups on the same face of the Pd(picoline) 4 complex, when as uitable avenue is opened to as elf-assembly product of exceptional thermodynamic stability.A sw eo bserved in previous work, [7b, 25c] the anion-templated formationo fi nterpenetrated double-cages can lead into such an energetic sink, here causing the system to override the pivotals teric control,i no ther cases leadingt owards heteroleptic cages.
In order to gain more insighti nto this situation, we tried to reproduce the formation of this double-cageb yh eatingamixture of P 
Conclusions
An ew strategy to access discrete cis-[Pd 2 L 2 L' 2 ] 4 + coordination cages has been developed through the exploitation of the steric crowding of picoline donors around square-planar coor- 5 + with bothfound anionss hownsuperimposed in the centralc avity.Hydrogen atoms and unbound counter-ions were removed for clarity;e )side view,s howing the Pd···Pd distances,f )top view; g) ac lose-up view of the outer picoline 4 -Pd fragment of the structure.
Chem.E ur. J.2018, 24,12976 -12982 www.chemeurj.org 2018 The Authors. Published by Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim line donors in a1:1 ratio resulted in the clean formation of cis-[Pd 2 L 2 L' 2 ]c ages under thermodynamic control. We were able to show this both for cages composed of four acridone backbones and for cages composed of pairs of acridonea nd phenothiazine backbones, thus validating the scope of this approach.
In the latter example, the different outcomes of self-assembly point towards the fine geometric balancet hat drives the formationo fh eteroleptic [Pd 2 L 2 L' 2 ]c ages over double-cages; the latter being thermodynamically favored in certain circumstances. In particular,t he observed differences in the self-sorting outcomes between the two possible combinations of the acridonea nd phenothiazine regioisomeric ligands (A 4 + structure mostl ikely relates to the inability of both of these ligands to form double-cages:t he picoline donors of P i hinder cagecatenation due to stericc rowing of the methyl groups,e ight of which would all have to reside inside the tentatived oublecage's inner pocket. For A o ,t he flat acridone backbone may not afford the tilted geometry for this sterically demanding picolyl-based dimeric-cages tructure.
Interestingly,t he folded nature of the phenothiazine backbones also affects heteroleptic cage formation when they are present in both ligands (i.e. in the system P i plus P o ). Here, a mixture of speciesw as found to be formed, containing different heteroleptic speciesa sw ell as homoleptic side products (including the observed double-cage). In contrast, inside/outside ligand mixturesb ased on flata cridonea lone, as well as 5 + wasc ollected at PETRA III at DESY, [26] am ember of the Helmholtz Association (HGF).T he authors thank Dr.A nja Burkhardt for assistancei n using synchrotron beamlineP 11 (I-20160736 
